We inserted Li into or extracted Li from Li-inserted γ-Fe 2 O 3 , and analyzed the structure at relaxation time. For multistage Li insertion sample, it was indicated that Fe moved from 8a site to 16c site during Li insertion process and Fe moved from 16c site to 8a site at relaxation process after the Li insertion, and it was suggested that Li is inserted at 8a site with Li insertion process and Li moves from 8a site to 16c site after the Li insertion. For extraction sample, it was indicated that Fe moved from 16c site to 8a site during Li extraction process and it was suggested that Li is extracted from 8a site and Fe at 16c site moves into 8a site. It was considered that Li prefer 8a site to occupy kinetically and prefer 16c site thermodynamically, and that 8a site take a role as a diffusion path for both Li insertion and Li extraction. From the first principle calculation, 16c site preference to 8a site of Li was indicated.
Introduction
Li-ion secondary batteries with high density and high power have recently received much attention for electrochemical energy storage system and power source of electric vehicle. Iron-based compounds for electrode material are promising in terms of low cost, low toxicity and resource abundance. LiFePO 4 1 has been extensively studied and iron oxides such as C- LiFeO 2 14, 15 have been also investigated as active materials. For C-Fe 2 O 3 , to overcome the low ionic and electronic conductivities, it has been synthesized in various ways and its electrochemical properties were evaluated. For example, Hibino et al. 4 recently prepared a composite of nano-sized C-Fe 2 O 3 and carbon by using aqueous solution method in order to decrease the diffusion length of Li + ions and increase the electronic conductivity at the same time, and it showed high coulombic efficiency and rapid discharge-charge characteristics as a cathode material.
Structural study for C-Fe 2 O 3 in terms of Li insertion has been also investigated. C-Fe 2 O 3 is represented by the spinel structure belonging to the space group of Fd3m generally including partial vacant at 16d site and empty at 8b and 16c site. Bonnet et al. 16 and Pernet et al. 17, 18 previously investigated the crystal structure of C-Fe 2 O 3 by chemical and electrochemical Li insertion. They reported that Fe cations diffuse from tetrahedral to octahedral sites accompanying crystal structure change to rocksalt from spinel. We examined the detailed crystal structure of C-Fe 2 O 3 in C-Fe 2 O 3 / carbon composite by means of the X-ray Rietveld analysis before and during electrochemical Li insertion as a function of various Li insertion amount. 19 We reported that, as Li insertion amount increase, the Fe occupancy of 8a site decreased and that of 16c site increased. It was indicated that Li is inserted at 8a site and Fe is pushed out from 8a site to 16c site in the process of Li insertion. For the most highly lithiated sample, Fe occupancy at 8a site decreased to 0 and that at 16c site increased to 0.53, however Fe occupancies at 16c and 16d site were not equalized, which means that the crystal structure belonged to Fd3m rather than to Fm3m.
Recently, we have been investigating the relaxation process for various electrodes such as C- , we analyzed crystal structure change after the termination of Li insertion by using X-ray diffraction (XRD) and the Rietveld method. It was found that Fe occupancy of 8a site decreased and that of 16c site increased for Li insertion process, and that, after the termination of Li insertion, the Fe occupancy of 8a site increased and that of 16c site decreased gradually at relaxation process. We concluded that this indicates that Li prefer 8a site to occupy kinetically and prefer 16c site thermodynamically.
In the present study, in order to make the relaxation process more detail, we inserted Li into or extracted Li from Li-inserted C-Fe 2 O 3 at relaxation state after Li insertion and analyzed the crystal structure at the secondary relaxation state by using XRD and the Rietveld method. Furthermore, we performed the first principle calculation of lattice energy and compared the site preference of Li at 8a site and 16c site.
Experiment

Sample Preparation
Commercial C-Fe 2 O 3 with particle size of 810 nm (Alfa Aesar Co., Ltd.) was used for this study. Lithium was electrochemically inserted into the C-Fe 2 O 3 using an Ar-sealed three-electrode glass beaker cell. For working electrode, the C-Fe 2 O 3 was mixed with AB (Acetylene Black, Surface area: 133 m 2 g
¹1
, Denkikagaku Kogyo Corp., Ltd.) as a supplemental conductor and PTFE powder as an adhesive agent in a weight ratio of 0.7:0.3:0.05. The mixture was ground, spread and pressed onto a nickel mesh as a current collector. Lithium metal was used for the counter and reference electrode. 1 M ethylene carbonate and a 1,2-dimethoxyethane solution (1:1, v/v) of lithium perchlorate (LiClO 4 EC/DME, Kishida chemical Corp., Ltd.) was used for the electrolyte. The electrode fabrication and the cell assembly were carried out under argon gas system.
For the preparations of electrochemically Li inserted or extracted sample, we first inserted Li to x = 1.1 in terms of Li X Fe 2 O 3 at a rate of 0.01 A g
. After that, we opened the circuit and removed the working electrode from the cell immediately under argon atmosphere to avoid the local cell action between the electrode material and the current collector or the supplemental conductor. The working electrode was held for 40 h in a glove box filled with argon gas. Using thus obtained sample, we secondarily inserted Li electrochemically to x = 1. 
X-ray diffraction (XRD) measurement
We set the sample in a sealed holder (2391A201, Rigaku Corp., Ltd.) under argon gas system. The sealed holder was set to the diffractometer for XRD measurement (UltimaIV, Rigaku Corp., Ltd.). XRD patterns were measured from 25 to 135°in 2ª at a rate of 2°per min with 0.04°step width by using CuKA radiation. The tube voltage and current were set to 40 kV and 40 mA, respectively. We summed continuous ten patterns to make noise decrease and the Rietveld analysis precise. The elapsed time was represented by the mean.
The Rietveld analysis
XRD patterns were analyzed by the Rietveld method using RIEVEC program.
1921,2325 The crystal structure was represented by space group of Fd3m, and lattice parameter and Fe occupancies at 8a, 8b, 16c, and 16d site were investigated. It was assumed that the atomicity of Fe was constant before and after Li insertion or extraction, and that contribution of Li was ignored. Diffraction derived from the AB and the nickel collector in the patterns were evaluated as background curves.
First principle calculation
All the calculations were carried out using Advance/PHASE (Advance package software, Advance Soft Corp., Japan). We adopted the generalized gradient approximation (GGA) in density functional theory (DFT) 26, 27 with the Perdew, Burke, and Ernzerhof formula (PBE) 28 as the exchange-correlation energy functional. To modify the intra-atomic Coulomb interaction for localized d or f electrons, a Hubbard "+U" correction was applied to the Fe d states (GGA + U). 2932 The value of U was 4.5 eV. All pseudopotentials were generated from scalar relativistic all-electron atomic calculations to include relativistic effects. We constructed pseudopotentials by Vanderbilt's ultra-soft scheme. 33 The cut-off energy for the valence pseudo-wave function was 25.0 Ry (µ 340 eV) and that for the augmentation charge was 230.0 Ry (µ 3100 eV). We constructed the unit cell belonging to the space group of Fd3m including eight 8a and 8b sites, sixteen 16c and 16d sites, and thirty-two 32e sites with periodic boundary condition. According to the formula of C-
32e , we set a base structure putting eight Fe at 8a site, thirteen Fe at 16d site (as an approximation of 5/3) and thirty-two O at 32e site. We constructed two types of Li inserted C-Fe 2 O 3 models from the base structure. One had one Li at 8a site and one Fe, from 8a site, at 16c site, and the other had one Li at 16c site. The Brillouin zone was sampled at gamma point. For structural optimization, all the atoms were relaxed until all the atomic forces were less than 10 ¹3 Hartree Bohr ¹1 (µ 0.5 eV nm ¹1 ). The respective total lattice energies of two models were calculated.
Results and Discussion
XRD profiles of all samples with every elapsed time were wellfitted with the patterns calculated by the Rietveld method. Figures 1(a) to 1(d) show some fitting results of the Rietveld refinement. The resulting reliability values, R WP (R-weighted pattern) were small enough and the GOFs (Goodness of fit) were sufficiently close to 1. At this time, the refined values of lattice parameter and Fe occupancies at 8a, 8b, 16c, and 16d site were sufficiently reliable. Figure 2 shows lattice parameter changes as a function of relaxation time after first Li insertion for Sample 'I', Sample 'E' and Sample 'R'. Figure 3 shows site occupancy changes of Fe at 8a and 16c site as a function of relaxation time after first Li insertion. Fe occupancies of 8b site and 16d site were not shown because the Fe occupancy of 8b site was between 0.01 and 0, and that of 16d site had no significant changes with every elapsed time for all samples.
In case of Sample 'R' as was reported in the previous paper, 20 lattice parameter increased by Li insertion and gradually decreased at relaxation process after the Li insertion. At this time, the Fe occupancy of 8a site decreased and that of 16c site increased by the Li insertion and, after Li insertion, the Fe occupancy of 8a site increased and that of 16c site decreased gradually with various elapsed time. It was indicated that Fe moved from 8a site to 16c site at the Li insertion process and moved from 16c site to 8a site at the relaxation process. And it was suggested that Li is inserted at 8a site at the Li insertion process and that Li moves from 8a site to 16c site at the relaxation process. It was considered that Li prefer 8a site to occupy kinetically, on the other hand, prefer 16c site thermodynamically.
In case of Sample 'I' (Li 1.1 Fe 2 O 3 ¼ Li 1.5 Fe 2 O 3 ), lattice parameter increased by the secondary Li insertion and gradually decreased at relaxation process after the Li insertion. Fe occupancy of 8a site decreased and that of 16c site increased for the secondary Li insertion and Fe occupancy of 8a site increased and that of 16c site decreased gradually with the elapsed time. This behavior was very similar to that of Sample 'R' and the same site preference of lithium for kinetic or thermodynamic state was confirmed.
The lattice energy by the first principle calculation was obtained, ¹2.39471 © 10 5 kJ mol ¹1 for Li distribution at 8a site and ¹2.39482 © 10 5 kJ mol ¹1 for Li distribution at 16c site. This means that Li distribution at 16c site is more stable than that at 8a site by about 1.1 © 10 1 kJ mol
¹1
, which is very similar in the order to the site preference energy of transition metals obtained by the UV-VIS spectroscopy measurement. This result is consistent to the site preference of Li induced from the relaxation analysis.
In case of Sample 'E' (Li 1.1 Fe 2 O 3 ¼ Li 0.66 Fe 2 O 3 ), in the process of Li extraction, the Fe occupancy of 8a site increased and that of 16c site decreased just after Li extraction. During Li extraction process, it was indicated that Fe moved from 16c site to 8a site, and that it is suggested that Li is extracted from 8a site. It was indicated that 8a site take a role as a diffusion path for both Li insertion and Li extraction. After Li extraction, Fe occupancies of 8a site and 16c site were almost unchanged at relaxation process. It was shown that the lattice parameter was abruptly decreased by the extraction and almost unchanged with the relaxation time. It was considered that the driving force of cation migration is generated from lattice parameter change to minimize the coulomb potential and that the driving force is nearly lost at Li extraction process by the decrease of lattice parameter.
Conclusions
We analyzed crystal structure of C-Fe 2 O 3 in terms of multistage Li insertion and Li extraction by means of X-ray diffraction and the Rietveld method. X-ray Rietved analysis indicated that, Fe moved from 8a site to 16c site in the process of Li insertion and from 16c site to 8a site with various elapsed time after the Li insertion. It was confirmed that Li prefer 8a site to occupy kinetically and prefer 16c site thermodynamically. The first principle calculation indicated that Li occupancy at 16c site is more stable than at 8a site. From the result of Li extraction, it was indicated that 8a site take a role as a diffusion path for both Li insertion and Li extraction. 
